We report on simultaneous observations of electromagnetic ion cyclotron (EMIC) waves associated with traveling convection vortex (TCV) events caused by transient solar wind dynamic pressure (P d ) impulse events. The Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft located near the magnetopause observed radial fluctuations of the magnetopause, and the GOES spacecraft measured sudden compressions of the magnetosphere in response to sudden increases in P d . During the transient events, EMIC waves were observed by interhemispheric conjugate ground-based magnetometer arrays as well as the GOES spacecraft. The spectral structures of the waves appear to be well correlated with the fluctuating motion of the magnetopause, showing compression-associated wave generation. In addition, the wave features are remarkably similar in conjugate hemispheres in terms of bandwidth, quasiperiodic wave power modulation, and polarization. Proton precipitation was also observed by the DMSP spacecraft during the wave events, from which the wave source region is estimated to be 72 ∘ -74 ∘ in magnetic latitude, consistent with the TCV center. The confluence of space-borne and ground instruments including the interhemispheric, high-latitude, fluxgate/induction coil magnetometer array allows us to constrain the EMIC source region while also confirming the relationship between EMIC waves and the TCV current system.
Introduction
Transient phenomena associated with the interaction between the solar wind and magnetosphere such as sudden changes in solar wind parameters (e.g., magnetic fields and flow pressure) have a significant influence on the wave and particle dynamics in the magnetosphere and ionosphere. One of the well-known ground signatures associated with such transient events is magnetic impulse events (MIE) at high latitudes. They are seen as bipolar deflections (positive to negative or vice versa) mainly in the horizontal components of magnetic field data with frequencies approximately in the Pc5 frequency range (f =∼ 2-7 mHz or period (t p ) = a few to tens of minutes) for up to half an hour.
MIEs with a traveling structure are often identified as "traveling convection vortices (TCVs)" which are characterized by the vortical pattern of ionospheric convection propagating longitudinally from the dayside to nightside. The vortical ionospheric convection pattern during TCVs is caused by the effect of circular Hall currents produced by a pair of oppositely directed field-aligned currents (FACs) [McHenry and Clauer, 1987; Friis-Christensen et al., 1988; Glassmeier et al., 1989; Kivelson and Southwood, 1991; Sibeck et al., 2003] . Their longitudinal traveling signatures are due to azimuthal plasma flows when the magnetosphere is buffeted by the transient phenomena. Transient deflections are in the range of several hundreds of nanotesla with maximum occurrences at ∼73-75 ∘ magnetic latitudes (MLAT) [Friis-Christensen et al., 1988; Glassmeier et al., 1989; Glassmeier and Heppner, 1992; Zesta et al., 1999; Amm et al., 2002; Murr et al., 2002; Zesta et al., 2002; Fillingim et al., 2011; Kim et al., 2015] . The location of maximum deflection corresponds to the center of the vortices. where n p is proton mass density and v sw is solar wind velocity) perturbations as one of the major generation mechanisms for TCVs. Interhemispheric conjugate behavior of MIE/TCV events has also been reported [e.g., Kataoka et al., 2001; Murr et al., 2002; Kim et al., 2013 Kim et al., , 2015 , finding that there are interhemispheric asymmetries in some signatures such as convection patterns, spatial scale, and event arrival time.
It is widely accepted that ultralow frequency (ULF) waves in the higher frequency range (0.1-5 Hz) are typically identified as electromagnetic ion cyclotron (EMIC) waves excited by increased temperature anisotropies (T ⟂ > T ∥ ) of medium energy (∼1-100 keV) plasma sheet and ring current ions in the equatorial region of the magnetosphere during geomagnetic storms and substorms Kozyra et al., 1997; Jordanova et al., 2001; Thorne et al., 2006] . Recent studies have shown that a significant number of EMIC wave events also occur during quiet times and/or storm recovery phases [Usanova et al., 2008; Halford et al., 2010 Halford et al., , 2015 Clausen et al., 2011; Kim et al., 2016; Saikin et al., 2016] . The wave events are categorized as Pc1 (0.2-5 Hz) and Pc2 (0.1-0.2 Hz) pulsations on the ground. EMIC waves play an important role in causing rapid particle energization and pitch angle scattering into the loss cone and thus electron precipitation loss from the radiation belts into the ionosphere [e.g., Thorne and Kennel, 1971; Lyons and Thorne, 1972; Kozyra et al., 1997; Summers and Thorne, 2003; Summers et al., 2007a Summers et al., , 2007b Jordanova et al., 2012; Shprits et al., 2016] .
It has also been reported that compression of the magnetosphere due to transient phenomena can cause EMIC waves [e.g., Anderson et al., 1992; Anderson and Hamilton, 1993; Engebretson et al., 2002; Usanova et al., 2010 Usanova et al., , 2012 Cho et al., 2016; Park et al., 2016; Saikin et al., 2016] . TCV events, which are closely associated with compression and decompression of the magnetosphere due to sudden P d change, also contribute to generation of EMIC waves [e.g., Arnoldy et al., 1988 Arnoldy et al., , 1996 Engebretson et al., 2013; Posch et al., 2013] . This paper presents simultaneous observations of TCVs and EMIC waves in association with transient P d changes in the magnetosphere. Our companion paper by Kim et al. [2015] reported details of the TCV events. In this paper, we report on EMIC waves closely correlated with the TCV events using data from interhemispheric conjugate ground-based magnetometer arrays in Greenland, Canada, and Antarctica as well as various spacecraft near the magnetopause and at geosynchronous orbit. The extensive conjugate ground network in both hemispheres along with well-situated satellites made it possible to perform a thorough, systematic investigation of wave generation and propagation and to relate these waves to solar wind-magnetosphere coupling processes.
Data Set
For observations of solar wind plasma parameters, we used high time resolution (1 min) OMNI data [King and Papitashvili, 2005] processed from magnetic field and plasma measurements recorded by the Advanced Composition Explorer (ACE) and Wind spacecraft and time shifted to the nose of the Earth's bow shock. ACE 16 s Magnetic field (MFI) and 64 s Solar Wind Electron Proton Alpha Monitor (SWEPAM) data are also presented.
Magnetic field and particle data from the Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft (A, D, and E) [Angelopoulos, 2008] were used to investigate the transient events near the magnetopause. Spin resolution (∼3 s) magnetic field data from the fluxgate magnetometers (FGM) aboard the spacecraft are used to present magnetic field perturbations near the magnetopause. Three-dimensional ion velocity distributions shown in this paper were calculated based on ion fluxes measured by the electrostatic analyzer (ESA) [McFadden et al., 2008] over the energy range of 5 eV to 25 keV. Among the three operation modes (full, reduced, and burst), this paper presents ESA data obtained in the burst mode which provides 32 energy levels and 88 solid angles. The Space Physics Environment Data Analysis Software (SPEDAS) was used to plot the THEMIS data. [Mende et al., 2009; Melville et al., 2014] , and two (PG2 and PG3) Autonomous Adaptive Low-Power Instrument Platform (AAL-PIP) systems [Musko et al., 2009; Clauer et al., 2014] . The ground stations used in this study are shown in Table 1 and Figure 5 in section 3.2. All of the Antarctic stations provide fluxgate magnetic field data of 1 s resolution. The ground fluxgate magnetometers conform to the "HEZ" coordinate system, in which H is local geomagnetic northward in the horizontal plane, Z is downward toward the earth, and E completes the right-hand rule pointing eastward.
For observations of wave events, also presented are data from ground-based induction coil magnetometers colocated at the stations listed above. The induction coil magnetometers provide two-axis time-varying magnetic field (dB∕dt) data in local geomagnetic coordinates with X aligned along the geomagnetic north-south direction and Y the east-west at the rate of 10 samples/s. The induction coil magnetometers are now incorporated into a network called the Magnetic Induction Coil Array (MICA).
Observations
The events presented in this paper are based on the solar wind pressure impulse-associated TCV events reported by Kim et al. [2015] . During the two consecutive TCV events observed on 19 January 2013, EMIC waves were also measured by a network of induction coil magnetometers in conjugate hemispheres. The impulse events were caused by sudden increases in P d , which are observed as fluctuations of the magnetopause boundary layer by the THEMIS spacecraft and as a magnetospheric compression by the GOES spacecraft. EMIC waves were also seen by the GOES spacecraft in association with the compression. During the events, only 3 s magnetic field data were provided by the THEMIS spacecraft and thus no observations of EMIC waves, which require higher time resolution data, were available. The interhemispheric ground fluxgate magnetometers clearly detected a series of TCV events in response to the transient phenomena, while the induction coil magnetometer array measured EMIC waves which are well correlated with the TCVs. Although Figures 1 to 3 have already been reported in our companion paper [Kim et al., 2015] , here we still show the figures and related observational descriptions to use as supporting materials for the wave events.
Transient Events in Space
OMNI and ACE data are presented in Figure 1 [cf. Kim et al., 2015, Figure 6a] , showing two consecutive transient events observed on 19 January 2013. The first and second events began at 14:30 UT (the vertical dashed line a, "Event 1" hereinafter) and 17:30 UT (the vertical dashed line b, "Event 2" hereinafter), respectively. Note the time delay between OMNI and ACE data. While the OMNI data in this figure contain a data gap (before the vertical line a), a transient event is confirmed in the upstream ACE data where we observe a P d increase of 1 nPa over about 5 min for Event 1. In addition, the SYM-H index ( Figure 1 , third panel) can be interpreted as evidence for a magnetospheric compression due to the pressure impulse producing a field increase of 8 nT over 20 min [Kim et al., 2015] . A P d increase of 4.5 nPa over 5 min and the compression of the magnetosphere (18 nT over 8 min) are seen in the flow pressure data and SYM-H index during Event 2. The magnetic field data ( Figure 1 , first panel) indicate that the interplanetary magnetic field (IMF) was predominantly northward or near 0 (ACE data also confirm this) during both events.
Spacecraft positions in the GSE X-Y plane during Events 1 and 2 are illustrated in Figure 2 [cf. Kim et al., 2015, Figures 6c and 6f ] , in which the three THEMIS spacecraft were fortuitously located near the magnetopause. The bow shock locations are obtained using the static model by Fairfield [1971] . The magnetopause locations are estimated using the dynamic model by Shue et al. [1997] , which are based on the IMF and solar wind dynamic pressure values during the events. The equatorial intersections of the magnetic fields traced back from the TCV centers are marked with red squares in this figure. The intersections are estimated by tracing the magnetic field lines of each TCV center to the equatorial plane using a magnetic field tracing tool (Interactive Data Language (IDL) GEOPACK) based on the International Geomagnetic Reference Field (IGRF) and Tsyganenko model (T01) [Tsyganenko, 2002a [Tsyganenko, , 2002b .
Magnetic field variations showing radial motion of the magnetopause are observed by THEMIS A, D, and E as presented in Figure 3 [cf. Kim et al., 2015, Figures 6b and 6e] . The three spacecraft, which were positioned inside the magnetosphere before the onset of Event 1, observed the compression of the magnetosphere (∼20 nT increase in B z ) at 14:30 UT (∼11:30 MLT). After the onset, both spacecraft A and E measured fluctuating motion of the boundary as the satellites move back and forth between the magnetosphere (higher and steady magnetic fields) and magnetosheath (characterized by its "noisy" magnetic fields). Specifically, THEMIS A entered the magnetosheath right after the compression at 14:30 UT and returned to the magnetosphere at 14:52 UT for about 5 min. THEMIS E observed more fluctuating signatures during this event. On the other hand, THEMIS D only briefly moved into the magnetosheath at the peak of the compression. As shown in Figure 2 , spacecraft A and E were near the magnetopause while spacecraft D was further inside the magnetosphere during Event 1.
Event 2 starting at 17:30 UT (∼12:30 MLT) also shows radial motion of the magnetopause as observed by the three THEMIS spacecraft, which were located in the magnetosheath (THEMIS A), near the magnetopause (THEMIS E), and inside the magnetosphere (THEMIS D) before the onset (see Figures 3 and 4) . The quasiperiodic broadband bursts in the PG2 data are due to short missing data gaps, which therefore cause broadband spectral structures when data are Fourier transformed. by the two GOES spacecraft as shown in the line plots (Figure 4 , first and sixth panels). For the line plots, the baseline of each component (mean value of the data) is subtracted from the original GOES satellite data to show magnetic field variations only. No wave activity is seen during Event 1, whereas band-limited wave structures are observed during Event 2. The wave event observed by GOES 13 is both left-hand (red colors) and linearly (green colors) polarized. In this paper, we define left-hand, right-hand, and linear polarization as being ellipticity, ≤ −0.2, ≥ 0.2, and | | < 0.2, respectively, as also defined in Anderson et al. [1992] . GOES 15 data show a very brief occurrence of wave activity during Event 2. It should be noted that the magnetometers aboard the GOES spacecraft provide 512 ms (∼1.95 Hz) time resolution data and thus the frequencies of the wave events may be slightly different from actual values because they are close to the Nyquist frequency (0.975 Hz). Placed on top of the figure are the same color bars used in Figure 3 to show the temporal relationship between the magnetopause fluctuations and wave activity.
Conjugate Observations of EMIC Waves on the Ground
The companion paper by Kim et al. [2015] reported interhemispheric conjugate observations of TCV events in association with the transient events presented in the previous section. The TCVs were observed primarily by the ground fluxgate magnetometers in Greenland and Canada and their geomagnetically conjugate stations in Antarctica along the 40 ∘ magnetic meridian. Some of the stations are equipped with induction coil magnetometers that detected waves during the TCV events. The ground stations used in this study are shown in Table 1 and Figure 5 . As shown in the map, the Antarctic induction coil magnetometers, in particular, are deployed over a large latitudinal extent, making it possible to estimate the wave source region which otherwise is quite challenging due to horizontal wave propagation in the ionospheric waveguide [e.g., Kim et al., 2011] . In addition, the network establishes interhemispheric conjugate pairs, e.g., Kangerlussuaq (STF)-AGO3 and Iqaluit (IQA)-South Pole (SPA), which provide important information about the interhemispheric conjugate behavior of wave propagation from the magnetosphere to the ionosphere.
The induction coil magnetometer array in the conjugate hemispheres detected ULF Pc1 waves which are interpreted as EMIC waves associated with the TCVs as shown in Figure 6 . The panels are stacked in order of magnetic latitude, the top panel being the highest (northernmost) and the bottom one being the lowest (southernmost). The fast Fourier Transform (FFT) spectrograms of the induction coil magnetometer data display Pc1 waves during the transient events. The white traces overplotted with the spectrograms represent fluxgate magnetometer data (H components) obtained at the same stations. The fluxgate magnetometer data shown here are baseline-removed (mean value subtraction from the original data) to isolate TCV signatures from the background. The bipolar deflections of the fluxgate (low period) magnetic field data at 14:30 UT (Event 1) and 17:30 UT (Event 2) are one of the typical signatures of TCVs as described in Kim et al. [2015] . The local times for the events are 12:30 MLT and 15:30 MLT, respectively. It is clearly seen that the onsets of wave events coincided with the TCVs. The blue and red brackets in the figure mark the two interhemispheric conjugate pairs: STF-AGO3 and IQA-SPA (see Table 1 for their locations). The color bars used in Figure 3 are shown on top of the figure to show the temporal relationship between the magnetopause fluctuations and wave activity. Figure 7 shows polarization (ellipticity) of the wave events shown in Figure 6 . Kim et al. [2015] reported that the maximum disturbances were observed near STF in the Northern Hemisphere and SPA in the Southern Hemisphere among those observed by the stations along the 40 ∘ magnetic meridian during both events. The maximum disturbances correspond to each vortex center, to which the FACs produced in association with the TCVs are mapped. As mentioned earlier, the equatorial intersections of the TCV centers are marked with red squares in Figure 2 . The wave spectral power also appears to be related to the TCV centers: that is, the activity at STF and SPA display strongest spectral power and clear band-limited and temporal signals well above the background level. The waves observed at STF and SPA during Event 1 are predominantly left-hand polarized, while the waves observed at the same stations during Event 2 are linearly polarized (see Figure 7) .
Discussion
The literature listed earlier suggests that P d is a main driver for TCVs. The two events reported in our paper are also closely associated with transient changes in P d . The solar wind data (Figure 1) show that the increase (rate) of P d is 1 nPa (0.2 nPa/min) for Event 1 and 4.5 nPa (0.9 nPa/min) for Event 2. Accordingly, the increase (rate) of magnetospheric compression is 8 nT (0.4 nT/min) and 18 nT (2.25 nT/min) based on the SYM-H index for the two events, respectively. Both events were observed by the THEMIS spacecraft at similar local times
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(near noon). The geomagnetic conditions were quiet during the two events (e.g., Kp = 1-2). Interestingly, the P d change for Event 2 presents a wave-like feature, of which the frequency (∼5.5 mHz) appears to be in the ULF Pc5 range. However, such a feature is not clearly seen in the ACE data. Nevertheless, it appears that the periodic structure in P d has little effect on the TCV and EMIC wave events because the inner magnetospheric signatures observed by the THEMIS D (Figure 3 ) and GOES (Figure 4 ) spacecraft and ground magnetometers ( Figure 6 ) show a monotonic compression and its responses (i.e., TCVs and EMIC waves) with no such periodic features observed.
The solar wind changes and magnetospheric compression appear to be related to the spectral features of the wave activity in space (Figure 4 ) and on the ground (Figure 6 ). That is, the center (mean) frequency increases with the pressure increase (and thus magnetospheric compression). The center frequency of Event 2 EMIC waves is higher (0.50-0.60 Hz) than that of Event 1 (0.30-0.35 Hz), indicating that the higher frequencies are due to higher background magnetic fields caused by the compression and thus higher local gyrofrequencies. We also note that the spectral features of the wave events are remarkably similar in the conjugate hemispheres in terms of bandwidth, quasiperiodic wave power modulation, and polarization. The companion paper by Kim et al. [2015] reported well-defined interhemispheric features of the TCV events.
Some earlier studies have reported that EMIC waves can be modulated by longer-period ULF waves such as Pc3-5 pulsations [e.g., Rasinkangas and Mursula, 1998; Loto'Aniu et al., 2009] . In fact, boundary phenomena due to solar wind-magnetosphere interactions (e.g., solar wind dynamic pressure impulses or Kelvin-Helmholtz Instability) can generate long-lasting ULF waves [e.g., McHenry et al., 1990; Clauer and Ridley, 1995; Fujita et al., 1996; Clauer, 2003; Hasegawa et al., 2004; Claudepierre et al., 2008; Piersanti et al., 2012; Shi et al., 2013; Hartinger et al., 2013 Hartinger et al., , 2015 . The EMIC wave events reported in our study, however, do not appear to be associated directly with such ULF waves because of the clear signature of the magnetospheric radial motion and its connection with the wave generation. Instead, we suggest that the wave activity is associated with the abrupt changes of the magnetic fields, thus causing proton temperature anisotropies to increase.
Inward and outward motion of the magnetopause is clearly shown in Figure 3 . While THEMIS A was passing along the magnetopause boundary during Event 1, THEMIS E was moving antisunward from the boundary to the magnetosphere. Perhaps, this is why the quasiperiodic disturbances were detected by the spacecraft E between 14:30 UT and 16:10 UT. On the other hand, spacecraft A was in the magnetosheath during most of the first event period (14:30-17:00 UT) and the outward motion was seen only briefly (∼14:55-15:00 UT and 16:20-16:25 UT). The fluctuations seen from the THEMIS E magnetic field data (especially the beginning of the fluctuations, ∼14:30-15:30 UT) are also observed in the ground-based induction coil magnetometer data ( Figure 6 ). That is, the quasiperiodic fluctuation (approximate period of 20 min) in spectral wave power during Event 1 appears to be correlated with the fluctuating motion of the magnetopause observed by THEMIS E. The first wave activity (14:30-14:40 UT) began with the first compression at 14:30 UT. The second wave activity (14:50-15:00 UT) is associated with the decompression at 14:50 UT. Similarly, the third wave activity (15:10-15:20 UT) coincided with the compression at 15:10 UT. Such a tendency persisted until ∼16:30 UT (Event 1). This compression/decompression-associated wave events are also clearly seen during Event 2. Color bars demarcating the three different regions (solar wind, magnetosheath, and magnetosphere) are used in Figures 3, 4 , and 6 to help readers compare the events shown in THEMIS, GOES, and ground magnetometer data. Note that higher time resolution THEMIS data (both B and E), which are necessary for EMIC wave observations, are unavailable for these events.
Solar wind pressure-associated EMIC wave observations at geosynchronous orbit have been reported [e.g., Kim et al., 2016; Park et al., 2016] . The transient magnetospheric compression during the TCVs was also clearly measured by the GOES spacecraft as shown in Figure 4 . The change is most dominant in the northward component (B P ) for both events beginning at ∼14:30 UT and ∼17:30 UT, respectively. In association with the transient events, EMIC waves over ∼0.6-0.8 Hz were observed during Event 2, whereas no wave activity was seen during Event 1. Perhaps due to a local time effect, the transient compression is more pronounced in the GOES 13 data than in the GOES 15 data during both events. Likewise, the waves observed by GOES 13 are more structured. During both events, GOES 15 was situated farther away from the transient event seen by THEMIS than GOES 13 in terms of local time (see Figure 2 for spacecraft locations). The spectral power variation in the GOES 13 data during Event 2 is quite similar to that in the ground data. This indicates that the wave power is modulated by the magnetospheric transient fluctuations as also shown in the relationship between the THEMIS and ground magnetometer data. The absence of wave activity in the GOES data during Event 1 (while the ground data show very well-defined waves) might imply that the compression-related EMIC waves were localized both in L and local time. The locations of each spacecraft and the ground signature (red squares) in Figure 2 suggest this. On the other hand, during Event 2, the wave activity was observed in both GOES and ground data even though the local time separation is ∼3 h (GOES 13) and ∼6 h (GOES 15). Again, we note that the pressure increase is moderate for Event 1 and larger for Event 2. This may affect the global extent of EMIC wave generation. The magnetic footprints of the spacecraft are also shown in Figure 5 to help compare the locations of the transient events in space and signatures on the ground. Considering the ground signatures, the longitudinal extent of the wave activity for Event 2 is at least ∼6 h in MLT (see the red square and GOES 15 location as shown in Figure 2 ).
Once waves enter the ionosphere, they propagate horizontally in the ionospheric waveguide (duct) [e.g., Fraser, 1975; Fujita and Tamao, 1988; Kim et al., 2010 Kim et al., , 2011 , and therefore the wave source (near the field lines in the ionosphere along which waves propagate from the magnetosphere) can be estimated by comparing wave power and spectral structure. From a visual inspection of the wave events presented in the ground data (Figure 6 ), the wave sources in magnetic latitude are estimated to be near STF (72.1 ∘ MLAT) or IQA (71.7 ∘ MLAT) in the Northern Hemisphere and SPA (−74.3 ∘ MLAT) in the Southern Hemisphere. We note here that the induction magnetometers are not precisely intercalibrated. Nevertheless, one can still use the data to estimate an approximate wave source location by assessing the definition of spectral structures. Wave polarization patterns can also be used to locate the wave source because EMIC waves are typically left-hand polarized near the source field line on the ground [e.g., Kim et al., 2011, and references therein] . The wave event at SPA during Event 1 was predominantly left-hand polarized. The second event, however, did not show left-hand polarization at the aforementioned stations. It is not clear what prevented left-hand waves from reaching the ground during Event 2. Strong waves were not observed at AGO5, which is located above the auroral zone in the polar cap. This region is typically thought to be located under open field lines mapping to the lobes of the tail and often directly connected to solar wind field lines. The lack of wave signatures could be because AGO5 is located far away from the wave source or its location in the region of open field lines is more susceptible to solar wind conditions and geomagnetic activities [e.g., Engebretson et al., 2008] , prohibiting efficient propagation in the waveguide (see Urban et al. [2016] for discussions of the station's location in the open field lines). We emphasize, however, that the data show very efficient ionospheric waveguide propagation over a large latitudinal extent from −62 ∘ MLAT (HBA) to −80 ∘ MLAT (AGO1).
The companion paper by Kim et al. [2015] reported that the TCV centers during Event 1 and Event 2 were 73.5 ∘ MLAT and 72.0 ∘ MLAT, respectively, and the latitude of the transient compression events observed by THEMIS coincided approximately with that of the TCV center. These locations are similar to the estimated wave source locations based on the ground data. Another scenario might be that the waves act quickly to limit the proton anisotropy toward conditions of marginal stability as suggested by Gary et al. [1994] . Again, we note that there are no other THEMIS data available to show wave events.
A simulation study by Lysak and Lee [1992] has shown that a pressure pulse at the magnetopause generates a compressional wave, which propagates across field lines through the magnetosphere, creating vortex structures in the ionosphere. They also showed that shear Alfvén waves are generated from the compressional waves due to magnetospheric inhomogeneity, consequently driving FACs. Thus, we suggest here that it is possible that EMIC wave source locations are inward from the transient phenomena near the magnetopause. For Event 2, in particular, the GOES 13 spacecraft also measured EMIC waves. Combining this with the ground observations, we conclude that the Event 2 waves, which are associated with higher P d change, occurred over a large latitudinal extent (L =∼ 6-10).
We used DMSP F16 particle flux data to examine the source region because localized precipitation of energetic (>10 keV) protons is known to be correlated with EMIC waves [e.g., Yahnin and Yahnina, 2007; Engebretson et al., 2013] . Figure 5 shows the magnetic footprint of the low Earth orbiting spacecraft during Event 2 (∼18:20-18:30 UT). The spectrograms from the DMSP-F16 spacecraft in Figure 9 display a clear isolated burst of precipitating protons (>10 keV) approximately between 18:27 and 18:29 UT, which corresponds to the region between SPA and AGO3 (STF and IQA) latitudinally (see the DMSP F16 spacecraft magnetic footprint in Figure 5 ). The observation of electron precipitation supports the localization of the wave source from ground observations to be near the TCV center.
Conclusions
EMIC waves associated with transient changes in solar wind and TCV events are reported in this paper. A thorough investigation of the TCV events is reported by the companion paper by Kim et al. [2015] . The THEMIS spacecraft fortuitously located near the magnetopause observed radial fluctuations of the magnetopause in response to sudden increases in P d , and the interhemispheric conjugate ground-based magnetometers measured well-defined EMIC waves during quiet times. The sequence of events described in this paper and conclusions are as follows:
1. Solar wind data (OMNI) show two consecutive transient increases in P d . 2. Radial fluctuations of the magnetopause corresponding to the P d increases were observed by the three THEMIS spacecraft near the magnetopause. 3. Both the SYM-H index and GOES magnetometer data presented sudden compression of the magnetosphere in association with the transient events. 4. EMIC waves were observed by the interhemispheric ground magnetometer network as well as the GOES spacecraft in association with the transient phenomena, suggesting that waves occurred over an extensive latitudinal (L =∼6-10) and longitudinal (∼6 h in MLT) range. 5. The wave features were remarkably similar in conjugate hemispheres in terms of bandwidth, quasiperiodic wave power modulation, and polarization. 6. The spectral structures of the waves appeared to be well correlated with the fluctuating motion of the magnetopause: the waves were modulated with the quasiperiodic boundary motion, showing compression-associated wave generation. 7. Using data from the latitudinally extensive magnetometer network and the particle flux instrument aboard the DMSP spacecraft, the wave source region was estimated to be near the TCV center (72 ∘ -74 ∘ MLT). 8. The confluence of space-borne and ground instruments including the interhemispheric, high-latitude, fluxgate/induction coil magnetometer array allows us to constrain the EMIC source region while also confirming the relationship between EMIC waves and the TCV current system. 9. The solar wind buffeting in association with transient P d increases, albeit not very strong during quiet times, provides energy to generate or enhance EMIC waves over a large radial and local time extent.
